Abstract: Instability of the knee after total knee arthroplasty (TKA) is today the number one reason for aseptic revision surgery. In vivo evaluation of knee kinematics using single-plane fluoroscopy has become an important method to investigate knee stability and compare different implant designs.
Introduction
Total knee arthroplasty (TKA) involves a replacement of the knee joint with artificial implants. The implants typically consist of two metallic components installed on the tibia and femur, with a high molecular weight polyethylene insert in between.
The number of TKA's performed each year in the United States is projected to grow rapidly, from 600,000 in 2005 to 3.5 million by 2030 [1] . Knee instability has nowadays become the number one reason for aseptic TKA revisions [2] .
These two factors indicate the importance of accurate methods to evaluate in vivo knee kinematics.
Through these measurements, insight is provided in the implant characteristics that can ultimately help designing future implants. To that extent, a large number of patients with different knee implants needs to be analyzed, linking the kinematic data to the patient satisfaction levels.
Single-plane fluoroscopy is a non-invasive in vivo method that is widely used for this purpose [3] [4] [5] [6] . High accuracies have been reported in literature, up to one degree in rotations and 0.5 mm for translations in the sagittal plane [7, 8] . However, such validation remains highly dependent on the personal skill, installed devices and used software packages. Therefore, a validation procedure is advisable for each lab performing such measurements. This paper evaluates the accuracy of the procedure at Ghent University. If the results of the validation experiment are satisfying, more detailed analyses can be performed (e.g. observing condylar contact loss [9] ).
Methods

Validation experiment
The implant used for the validation experiment is the Journey II BCS [10] with a femoral and tibial size 5, and a poly-ethylene insert with a thickness of 10 mm. The implant is installed on medium sized, left side sawbones [11] . Sawbones are artificial bones made of a rigid foam shell with inner cancellous material. This makes them ideal for drilling and cutting, thus for installing the implants.
A motion tracking system with infrared cameras is used (NaturalPoint Inc., Corvallis, OR, USA) as a golden standard for the positions of the implants. Three motion tracking spheres are rigidly attached to each bone (figure 1). The reader is referred to section 2.4 for a more detailed explanation. 
Kinematic description of knee movement
Per convention the tibia is kept in a fixed position; the femur is moving relatively to the tibia. Based on the kinematic description by Grood and Suntay [12] the six degrees of freedom of the knee joint are defined. Figure 3 illustrates the three rotational and three translational degrees of freedom for a left knee, with the arrows pointing in the positive directions. performed using the open-source software package JointTrack [14] .
Matching the 3D models in JointTrack is a process that involves tedious and precise manual labor.
A first estimation of the positions of the 3D models has to be manually provided. Based on the estimation, an optimization algorithm will try to find an optimum by rotating and translating the 3D models in small steps. A cost function minimizes the normalized sum of the distances between the edge points of the 3D models and the edge points in the images [15] . 
Golden standard: rigid body motion tracking
A motion tracking system (NaturalPoint Inc., Corvallis, OR, USA) is used as a golden standard for measuring the positions of the implants. Six infrared cameras track the positions of rigidly connected reflective spheres in space. The system measures the position of the markers 120 times per second and has an accuracy of 0.255 mm [16] .
On each of the bones, a rigid structure is installed holding three reflective markers ( figure 1) . From the positions of these three markers, the position and orientation of the attached rigid structure (i.e.
bone and implant) is derived.
Relative position of the reflective markers to the implants
However, the relative position of the bone implants to the reflective markers has to be determined.
This is done using a computed tomography (CT) scan of the whole structure, for each bone. The CT scan has a voxel size of 0.6 mm. CT post-processing is done with Mimics software (Materialise NV, Leuven, Belgium). Figure 5 depicts a slice of the CT scan, the femoral implant is clearly visible on the image. The green region is selected using thresholding, i.e. selecting regions above a certain brightness level. This way, the implant can be separated from the bone in the CT scan. Afterwards a 3D model of this part of the scan can be made ( Figure 6(a) ). The same method is applied for the three reflective markers. Subsequently on each of the reflective markers a sphere is fit, and the centers of the spheres is determined. This is done with the software 3-matic (Materialise NV, Leuven, Belgium).
Now the coordinates of the reflective markers are known relative to the 3D model of the CT scan.
The next step is finding the coordinates of the reflective markers relative to the original 3D model, the same model used for the JointTrack processing. Figure 7 shows a schematic example of that step for the femoral implant. P 1 , P 2 and P 3 are the coordinates of the three reflective markers. The CT scan 3D model is now moved and rotated in space, together with P 1 , P 2 and P 3 , to overlap and align with the original 3D model. This is done using a functionality in 3-matic called Global registration. Figure 6 shows both 3D models after this step. Now the coordinates of the reflective markers are known relative to the original 3D model (P 1 , P 2 and P 3 ).
There is however a significant uncertainty in the relative positioning using this method, for the following two reasons. First, the voxel size of the CT scan is relatively large, the voxels are clearly visible ( figure 6(a) ). Second, the metallic implant produces a large amount of glare and noise in the CT scan.
This positioning error emerges from the first results of the experiment. A significant bias was found for all degrees of freedom. Figure 8 shows the measurement results for γ as an example. All observers estimated positions below the ones calculated using the golden standard method, through the entire range of motion. Similar phenomena are observed for the other degrees of freedom. If the relative position of the reflective markers is rotated by a correctly chosen constant, in a direction corresponding to γ to counteract this bias, the bias disappears and a more correct position is known.
To find the correctional constants for all degrees of freedom, a parametric study was performed.
The position of the reflective markers is changed in steps of 0.1 mm and 0.1 degrees within a realistic range of ± 1 mm and ± 2 degrees. A cost function is calculated for all the possibilities in six degrees of freedom within these ranges. The cost function is the sum of the root mean square errors for all degrees of freedom (millimeters and degrees equally weighed). Minimizing the cost function is believed to indicate a more correct relative position of the reflective markers.
Only the relative position of the femoral reflective markers is investigated, because making a change in the relative position of the tibial reflective markers corresponds directly with a change for the femur.
That is because ultimately only the relative position of the femur to the tibia is of importance. A change of position in the tibia will always correspond to an inverse change of position in the femur.
The offset derived from the parametric studie is within the proposed, realistic ranges for five out of six degrees of freedom. Only for the mediolateral translation, which corresponds mostly to the out-of-plane (z) direction, no optimum was found within the range. Therefore, no optimization in the z-direction was performed. In Section 3.2 a bias of approximately 4 mm is introduced as possible explanation. The optimization tries to solve this bias, going further than the realistic range of ± 1 mm. No optimum within this range exists. Table 2 shows the correctional constants for all degrees of freedom. Table 2 : Motion tracking spheres positional correction values.
Deriving the relative position of the femur to the tibia
The next step is determining the relative position of the femur to the tibia for every measured moment.
To that purpose a rigid transformation is estimated that puts the coordinates of the reflective markers (P 1 , P 2 and P 3 ) in the registered positions by the motion tracking system [17] . If that transformation is executed on the implant 3D model, it will be correctly positioned in the coordinate system of the motion tracking system. Since that is done for both the femur and tibia implant models, and only the relative position of the femur to the tibia is important, it is not important how the motion tracking system coordinate system is orientated or where the origin is. Furthermore, if T f emur is the femur transformation and T tibia is the tibia transformation, applying
to the femur, will position the femur relative to the tibia, in the coordinate system of the tibia.
The kinematics can now be expressed in the six degrees of freedom defined in section 2.2 and compared to the fluoroscopy measurements.
3 Results and discussions
Accuracy in six degrees of freedom
In The results are excellent compared to literature [7, 8] 
Bias in the out-of-plane direction
A large bias was observed in the q 1 direction (+ 4 mm). This means that the JointTrack software estimates that the femur is 4 mm closer (or the tibia 4 mm further away) compared to the golden standard positions. A possible explanation is found in the different materials of the implant components. The femoral component is made of oxidized zirconium and the tibial component is made of titanium [10] . Zirconium has a higher X-ray attenuation factor than titanium [18] , which means it is more opaque to X-ray beams. Furthermore, the femoral component is thicker and not contained within the bone. These factors will attribute to a higher contrast of the femoral component with the surroundings compared to the tibial component. This higher contrast creates a sharper edge in the image than the lower contrast of the tibial component. The JointTrack software uses the Canny Edge Detection algorithm [13] , which will interpret this sharper edge to be somewhat bigger, i.e. the contour line is estimated to be more on the outside of the silhouette. It can be calculated that an out of plane movement of 4 mm corresponds with a decrease of 0.65 pixels of a typical cross section length of 211 pixels of the tibial component in the image. This rather small value supports the proposed explanation, although more experiments with different implants made out of different materials would be necessary to further understand this problem.
Conclusion
The 
